It is demonstrated that the ballistic quantum transport properties of an open quantum dot may be described by an ensemble of spatially correlated virtual classical particles moving within self-avoiding strings. The string paths correspond to ray trajectories. The strings exhibit the necessary properties of self-avoidance, interference and the non-local condition fmv dr nh. The formalism suggests that numerical simulation of quantum flows may be constructed ab initio by using the string representation.
INTRODUCTION
In a recent study [1] of steady state quantum transport through open quantum dots we have demonstrated that numerical simulations based on the transfer matrix method may be revealingly mapped into velocity flows where the velocity vector field v(x) is defined as the ratio of the quantum mechanical probability current density j(x) to the probability density p. The velocity streamlines do not cross: a property of the singlevaluedness of the wave function which leads to the velocity field being derived from the gradient of the phase of the wave function. Consequently, the qualitative features of the steady flow may be deduced from the singularity structure in the flow which may be shown to comprise vortex centres (generally nodes in the wave function) and hyperbolic points (generally at nodes in the velocity field) (see Fig. 1 ). This picture is generic but we shall focus on a simple twodimensional Hamiltonian system for simplicity:
H pZ/2m +V(x).
If the quantum state of the system is known, for example, in the polar representation where we know the amplitude R(x, t) and phase S(x, t) of the wave function I,(x, t)= R(x, t)exp[iS(x, t)/h], hydrodynamics in which the probability velocity flow and probability density satisfy a continuity equation (Eq. (1)), an Euler like equation which contains the quantum potential (Eqs. (2, 3)).
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A third non-local condition (Eq. (4) vortices may be seen in Figure 2 where we show a simple reconstruction based on evolving an initial injected long wave packet with a plane wave motion along the direction of the packet and a standing wave in the perpendicular direction. Neglecting dispersion, the evolution of the wave packet involves multiple reflection off the walls and when the phase condition (4) is satisfied a clear vortex develops in the derived velocity flow (Fig. 2) .
To construct the vortices we imagine a classical path formed by a free particle bouncing between the walls of the dot where the injection direction is determined from the incident wave-vector components (Fig. 3a) . Because quantum trajectories cannot cross, the quantum case is derivable qualitatively from the classical cases by letting the classical streamlines repel each other near crossing points: bifurcation of the flow occurs. The resulting flow topology contains hyperbolic and vortex flows as shown in Figure 3b . This result is confirmed by analytical and numerical calculations. The net effect is that the complex classical ray trajectories associated with the quantum ray propagation separates the flow into localised flow 
MATERIAL FLUID MODEL
A classical trajectory is defined as the path followed by a real particle moving through space; the particle is at the head of the trajectory. A simple representation of the quantum flow (quantum trajectories) is obtained by representing each stream line as the path of a stream of noninteracting virtual particles moving classically within the system and distributed according to the probability density p. If a real particle is located somewhere in space, it is then possible to reconstruct its history by following the streamline back in time. This picture carries precise predictive power but depends upon being able to compute the streamline in the first place from a wave function. To see if this approach will work without recourse to the wave function we might calculate the evolution of a finite bundle of classical particle paths corresponding to an initial set of positions and momenta consistent with the initial wave function (for example for injection into the dot). This is shown in Figure 3 but crossing trajectories are used we must maintain commensurability of position to ensure that all crossing trajectories are deflected. In the present case the virtual particles are initially out one wavelength A h/mv apart along the path and the streams are separated initially by the corresponding lateral wavelength. Figure 4 illustrates the effect of three such virtual particle streams reflecting off a hard wall (Fig. 4a) calculated by the algorithm. An enlargement (Fig. 4b) shows that the reflection off the wall involves the upper leading particle bouncing off the wall but colliding later with the leading particle in the second stream resulting a return to the wall and a further reflection sequence. As we increase the number of particle streams the net effect is for the lower edge stream of particles to reflect well before the wall, whilst the other trajectories follow a path running parallel to the wall before reflecting. This agrees well with the a posteriori results. Similarly, collisions between particles where trajectories cross show clear flow bifurcation and the appearance of a vortex provided the closed path of each vortex line is commensurable with the particle spacing. This condition is --n => k. dr 27rn => hk. dr-nh mv. dr nh (6) Conditions (6) correspond to the phase condition (4) . If (6) is not satisfied, the long-time evolution of the virtual particles leads ultimately to a stationary distribution in the lower part of the dot and an open set of orbits entering and leaving the dot in the upper half.
STRING FLUID MODEL
The model described in Section 3 is very unstable and of poor practical application. It is also crucial to build in the coherence of the wave function via the spatially correlated initial virtual particle distribution. However, the algorithm may be stabilised by a string model (Fig. 5a ) in which each virtual particle is bonded into a string of virtual particles, each of which, is bound by a nearest neighbour attractive potential at large particle separation but has a repulsive core at small separation (Fig. 5d) . The model interaction potential for neighbouring virtual particles at xj and xj+l is chosen as:
where the functions g(x) are generalised density functions with a broadened 5-function characteristic describing the smearing out of the virtual particles along the string. String interactions may be modelled by two processes: string repulsion (Fig. 5b) along the bodies of two strings; bond breaking leading to bifurcation of the flow when a string head encounters a string body (Fig. 5c ). This model has real computational power and contains several new features. We note first that the virtual particle interactions lead to waves along the string. The parameter a may be chosen to give the familiar quantum relation between wave vector k for these waves and the particle velocity. The commensurability needed to obtain the quantisation of circulation (a closed string) has its origins here. In the continuum limit the inter-particle potential may be related to the quantum potential. Denoting the average density of virtual particles by p(x) in the continuum limit we obtain: [4] . The formalism described here has described coherent quantum 5. DISCUSSION AND CONCLUSIONS transport but provides a basis for the onset of phase breaking processes if a non-Hermitean We have outlined a route towards an effective quantum Hamiltonian is used to derive the particle representation of simple quantum sysstring equations of motion. tems which resemble a self avoiding walk problem or a string theory. The virtue of the
